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ABSTRACT. The ubihydroquinone:cytochronoeoxidoreductase, dic; complex, functions according to a
mechanism known as the modified Q cycle. Recent crystallographic data have revealed that the extrinsic
domain containing the [2Fe2S] cluster of the-f®subunit of this enzyme occupies different positions in
various crystal forms, suggesting that this subunit may move during ubihydroquinone oxidation. As in
these structures the hydrophobic membrane anchor of th& Bebunit remains at the same position, the
movement of the [2Fe2S] cluster domain would require conformational changes of the hinge region linking
its membrane anchor to its extrinsic domain. To probe the role of the hinge r&fiodpbacter capsulatus

bc; complex was used as a model, and various mutations altering the hinge region amino acid sequence,
length, and flexibility were obtained. The effects of these modifications obd¢heomplex function and
assembly were investigated in detail. These studies demonstrated that the nature of the amino acid residues
located in the hinge region (positions-489) of R. capsulatuge—S subunit was not essential per se for

the function of thebc; complex. Mutants with a shorter hinge (up to five amino acid residues deletion)
yielded functionabc, complexes, but contained substoichiometric amounts of theSFibunit. Moreover,
mutants with increased rigidity or flexibility of the hinge region altered both the function and the assembly
or the steady-state stability of thhe; complex. In particular, the extrinsic domain of the-F& subunit of

a mutant containing six proline residues in the hinge region was shown to be locked in a position similar
to that seen in the presence of stigmatellin. Interestingly, the latter mutant readily overcomes this functional
defect by accumulating an additional mutation which shortens the length of the hinge. These findings
indicate that the hinge region of the +8 subunit of bacteridbc; complexes has a remarkable structural

plasticity.

The ubihydroquinone:cytochroneeoxidoreductase, or the
bc! complex, is a key component of mitochondrial and

bacterial respiratory chains and also of the cyclic photosyn-

thesis in bacteria (for review see refs-4). Moreover, a
homologous complex (thiesf complex) also plays a similar

role in photosynthetic electron transfer in cyanobacteria,

In prokaryotic organisms, théc, complex is usually
composed of three subunits, encoded by genes organized as
an operon callegetABC or fbcFBC (for reviews see refs,

2, and4), and bearing one-type heme (cyt;), two b-type
hemes (cyb) and one [2Fe2S] metal cluster (F8 subunit).
The mechanism of function of thec; complex relies on the

algae, and higher plant chloroplasts (for a review, see ref existence of two catalytic sites (@nd Q) located on each
5). This integral membrane protein conveys electrons from sjde of the membrane. During the oxidation of a Qttithe

hydroquinone derivatives to-type cytochromes (cyt in
mitochondria, cyt, or cytc, in Rhodobacter capsulatyusr

Qo site, one of the two electrons is transferred to the high
potential redox chain of thdc, complex via first the

plastocyanine, along with the translocation of protons across;eqyction of the [2Fe2S] cluster of the F8 subunit, and
the membrane, setting up a proton gradient subsequently use¢han the heme of cyt,. The other electron is conveyed to

for ATP synthesis.
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the low potential chain, constituted of the henfiesand by,
(6—8), and then to the ubiquinone at the ste. The key to
the energetic efficiency of thaec; complex (i.e., translocation
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1 Abbreviations: cyt, cytochromdac; complex, ubihydroquinone-
cytochromec oxidoreductasehy, high potentiab-type hemep,, low
potentialb-type hemebsf complex, plastohydroquinone plastocyanine
oxidoreductase; DAD, 2,3,5,6-tetramethyl-1,4-phenylenediamine; DBH
2,3-dimethoxy-5-methyl-6-decyl-1,4-benzohydroquinone; DDM, dode-
cyl maltoside; EDTA, ethylenediaminetetraacetic adi; ambient
potential; Enz, redox midpoint potential at pH 7; EPR, electron
paramagnetic resonance; MOPSN3rjorpholino)propanesulfonic acid;
PES, N-ethyl-dibenzopyrazine ethyl sulfate; PM8;methyl-diben-

zopyrazine methyl sulfate; PMSF, phenylmethanesulfonyl fluoride; Ps,

photosynthesis; § ubihydroquinone oxidation site; ;Qubiquinone
reduction site; RC, reaction center; SDS, sodium dodecyl! sulfate;-SDS
PAGE, sodium dodecyl sulfatgpolyacrylamide gel electrophoresis;
SHE, standard hydrogen electrode; Tris, tris(hydroxymethyl)ami-
nomethane; [2Fe2S], two ireriwo sulfur cluster.

electrons, but the precise mechanism governing this event
remains unknown. During the last three years, an intriguing
hypothesis has emerged from the resolution of several three-
dimensional structures of thiec; complex. Indeed, in the
first crystal structure of the mitochondriddc, complex
obtained by Xia et al.g), the distance (31 A) calculated
between the [2Fe2S] cluster of the-F8 subunit and heme

c1 was far too large to support the fast electron-transfer rate
observed between these two cofactors. Later on, several
structures for mitochondriddc; complexes in the presence
or absence of various inhibitors have revealed different
positions of the [2Fe2S] cluster domain within the enzyme
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complex (L0—12). Yet, none of these positions fits com-
pletely with the entire catalytic mechanism. The cleft
observed between the +& subunit and cyb when the
[2Fe2S] cluster domain is located closer to cyis hardly
compatible with the fact that the occupants of thg Sige
(Q/QH, and inhibitors) interact with both the F& subunit
and cytb. Thus, the idea that the F& subunit may move
during catalysis was originated(@) as part of a mechanism
allowing bifurcation of electrons at the,@ite. However, it
remains unknown whether the different locations of the &e

Darrouzet et al.

GCT to GCG was introduced by using the QuickChange site-
directed mutagenesis Kit (Stratagene). For this purpose,
plasmid pPET1 (pBR322-derivative) bearing a wild-type
copy of petABC(18) was used as a template with the primers
MIulF and MIulR (Table 1). The DNA fragment bearing
the mutation thus generated was cut wa$tX| and Apall

and exchanged with its counterpart in pMTS1, yielding the
plasmid pMTS1-Mlul, which was used as the parental
plasmid in this study The various hinge mutants were
engineered by PCR using a common upstream primer (5

subunit observed in various crystals reflect the various GTCTTGGGCTCGTAA-3) corresponding to a locatiori 5

conformations of this subunit during the catalytic cycle of

to Apd.l site and the appropriate downstream primers

the bc; complex or are mediated by the crystal contacts or containing the silenMlul site and the desired mutation as
the presence of inhibitors. A comparison of various structures listed in Table 1 The PCR fragments were cut wittlul

indicates that the membrane anchor domain of the $e

andApalLl restriction enzymes and exchanged with the wild-

subunit stays fixed, and the structure of the [2Fe2S] cluster type counterpart in pMTS1-MlulFor each mutant, the
domain does not change appreciably. Thus, the movementpresence of only the desired mutation on the insert thus

of the cluster domain of the F& subunit would require

exchanged was confirmed by subsequent DNA sequencing.

conformational changes of the hinge region that connectsAll plasmids thus constructed were introduced into MT-

these two domains. Recently, Tian et 43,(14) have shown
that in Rhodobacter sphaeroidemcreasing the rigidity of
the Fe-S subunit hinge by incorporation of either several

RBC1 via triparental crosses as described previoussy. (
Biochemical and Biophysical Techniqgu€hromatophore
membranes were prepared in MOPS buffer (50 mM, pH 7.0)

proline residues or two cysteine residues, which are able tocontaining 100 mM KCI, 1 mM EDTA and 1 mM PMSF,

form a disulfide bond, alters the function of the complex.
We have also demonstrated thatRncapsulatugxtending
the length of the hinge region abolishes the activity of the
bc; complex (5). In addition, mutations affecting the
corresponding region of the F& subunit of yeast mito-
chondria (6) or of Chlamydomonashloroplast 17) have
also been reported.

In this work, extensive mutagenesis of the+Ssubunit
hinge region was undertaken usirfg. capsulatus hc

using a French pressure cell at 18 000 psi, as described in
ref 18. They were washed three times in the same buffer,
and protein concentrations were determined according to ref
19. Sodium dodecy! sulfatepolyacrylamide gel electro-
phoresis (SDSPAGE) was performed using an acrylamide
concentration of 15%, and gels were stained with Coomassie
blue for proteinsimmunoblot analyses were performed with
monoclonal antibodies specific for the subunits Rf
capsulatus bgccomplex To estimate the stoichiometry of

complex. The studies indicated that a shorter hinge (up to athe Fe-S subunit in thebc, complex, SDS gels and

deletion of five amino acid residues) yields functioibal
complexes, but with a substoichiometry of the+=subunit

immunoblots were scanned for densitometry analyses. The
intensity ratio of the Fe S subunit per cyb or cytc, subunits

in respect to the other subunits. |mp0rtant|y, an excessiveWwas then calculated, and Compared to that obtained with the

rigidity or flexibility of the hinge affects drastically the
activity of this enzyme, but this can be overcome by

wild-type strain on the very same gel or immunoblot.
Thermolysin-mediated proteolysis of the -F& subunit

shortening the length of the hinge domain. Therefore, the Using chromatophore membranes was performed at room

hinge region of the FeS subunit requires an optimal
combination of flexibility and length without a need for a

temperature in 50 mM Tris-HCI, pH 8.0, containing 100 mM
NaCl, 0.01% dodecyl maltoside (DDM), as described in

specific amino acid side chain at any given position, to confer Valkova-Valchanova et al.20). Briefly, chromatophore

both steady-state stability and catalytic activity to the
complex, including the movement of its £& subunit.

MATERIALS AND METHODS

Bacterial Strains and Growth. Escherichia cahd R.
capsulatusstrains were grown as described in t&fin the

membranes containing 56@50ug of proteins were digested
for 1 h with 0.02 nmol of thermolysin in the presence or
absence of 2 mM stigmatellin. In these experiments, a large
excess of inhibitor was used, for it was observed that
stigmatellin purchased from Fluka loses its activity very
rapidly under our assay conditions. Aliquots were then
analyzed by immunoblotting using polyclonal antibodies

presence of appropriate antibiotics. Photosynthetic grOWth against the FeS subunit ofR. Capsu|atusand the amount

(Ps) ofR. capsulatustrains was at 38C under continuous

light and anaerobic conditions, and respiratory growth at the

of the 18 kDa fragment thus generated was determined.
DBHz:cyt c reductase assays were performed as described

same temperature in the dark under semiaerobic conditions earlier in ref18. Optical difference spectra fax andc-type

MT-RBC1 is abc;~ strain where the chromosomal copy of

cytochromes were recorded as in 12f. Flash-induced,

the petABCoperon has been deleted and replaced by a genesingle-turnover kinetics for cyt or cyt b reduction were

cartridge conferring resistance to spectinomydiB)(The
strain pMTS1/MT-RBC1 corresponds to MT-RBC1 comple-

performed as described in réf2 using chromatophore
membranes and a single wavelength spectrophotometer

mented in trans with the plasmid pMTS1, which contains a (Biomedical Instrumentation Group, University of Pennsyl-
kanamycin resistance cartridge and a wild-type copy of yania, Philadelphia, PA) in the presence of 218 valino-

petABC

Genetic Technique# silent unique sitelul) changing
the codon corresponding to Ala40 of the-F& subunit from

mycin, PMS, PES, DAD, and 2-hydroxy-1,4-naphthoquino-
ne The quantity of chromatophore membranes used in the
assays corresponded to 8@.35uM reaction center, whose



Role of the Fe-S Subunit Hinge in thédc; Complex

Biochemistry, Vol. 39, No. 50, 2005477

Table 1: Plasmids and Nucleotide Primers Used in This Study

Plasmid *Amino acid sequence *Nucleotide sequence of the primers used
modified

PMTS1 1wASADVKAMASTFVy, ®C CAA ATG AARC GCT TCG GCC GAC GIC AAG GOG
pPMTS1-Mlul ASADVKAMASIFV MlulF:C CAA ATG BAC GCG TCG GOC GAC GIC AAG GOG

| MIulR:GAC GIC GGC CGA QGC GIT CAT TIG GIT GAT CAA CGG
pR:D43X ASAXVKAMASTFV ATG AAC GCG TCG GIC XXX GIC AAG GCG AIG GC
X=E,G,H,N, S with XX¢= GRG, CDC or ARC
PR:V44A ASADAKBMASTFV ATG AAC GCG TCG GOC GAC GCC AAG GOG ATG &C
pR:K45A ASADVAAMASTFV ATG PAC GCG TOG GOC GAC GIC &G GOG ATG GCA TCG
PR:M4TA ASADVKARASTFV ATG AAC GCG TCG GCC GAC GIC AAG GG &G GCA TCG ATC TIC G
PRIS49A ASADVKAMAATEV ATG AAC GCG TCG GCC GAC GIC AAG GCG ATG GCA GCG ATC TIC G
Al ASADVK-MASTEV ATG AAC GCG TCG GCC GAC GIC AAG ATG GCA TOG ATC TTIC G
A3 ASADV-—ASIEV ATG PAC GCG TCG GCC GAC GIC GCA TCG ATC TIC GIC G
AS ASAD————=STEV ATG BAC GCQTCGGOCGACTOGATCTICGTCG
A7 ASA——~————TFV ATG BAC GCG TOG GCC ATC TIC GIC GAT G
6Pro ASADPPPPEP TFV ATG AAC GCG TCG GOC GAC QG QOG OG O0G Q06 (G ATC TIC GIC GAT G
6Gly ASADEEAAG TFV ATG AAC (GCG TCG GOC GAC GC QAC GC GXC QT gL ATC TIC GIC GAT G
+3AlaA3 ASADVKAZA TFV PATG AAC (CG TCG GOC GAC GIC AAG GCG QG Q)G GX ATC TIC G
3ProA3 ASAD-PPP —TFV PATG AAC GCG TCG GOC GAC QG (G (G ATC TTC GIC GAT G
3Glya3 ASAD~-QIG—TFV PATG AAC GCG TCG GOC GAC G G3C X ATC TTC GIC GAT G

2 The amino acid sequences shown correspond to residues24éncompassing the hinge region of the-Besubunit; the nucleotide sequences
of the primers used to generate various mutations are given in'tBedfientation.? For pMTS1,+3AlaA3, 3PraA3, 3GIyA3, the nucleotide
sequences shown are the DNA sequences of the region.

concentration was determined by measuring the optical presence of 10M tetrachlorohydroquinone, DAD, 1,2-
absorbance difference between 605 and 540 nm &, afi naphthoquinone-4-sulfonate, and 1,2-naphthoquinone.
380 mV, using an extinction coefficient of 29.8 mivicm ™. Chemicals All chemicals were as described earli@dy.
Transient cytc and cytb reduction kinetics initiated by a
short saturating flash (@s) from a xenon lamp were followed
at 556-540 nm and 566570 nm, respectivelyThe con-
centration of antimycin A, myxothiazol, and stigmatellinused = The Nature of the Amino Acid Residues Located between
were 5, 5, and LM, respectively, and th&, was poised at  the Positions 43 and 49 of the F& Subunit Is Not Essential
100 mV. EPR spectroscopy was performed using a Bruker for the Function of the hcComplex. Amino acid sequence
ESP-300E, equipped with an Oxford Instruments ESR-9 alignment of the hinge region of the +& subunit reveals a
helium cryostat, and EPR recording conditions were as high degree of identity between bacteria, yeast, mammals,
follows: sample temperature, 20 K; microwave power, 2 fungi, and even with the corresponding region of the plant
mW; modulation amplitude, 20.243 G; modulation fre- bc; complex (Figure 1)Thus, to probe whether any of these
quency, 100 kHz; microwave frequency, 9.45 GHz. For these amino acid residues is required for the function of bug
experiments, the concentration of chromatophore membranesomplex, the region between the positions 43 and 49 of the
was 25-30 mg of protein/mL, and the samples with Q pool Fe—S subunit was first scanned using single alanine muta-
oxidized were obtained by incubating them on ice for 10 tions. In addition, the highly conserved residue D43 (D67
min with 20 mM ascorbate, in the presence or absence ofin bovine sequence) which is located in the dimeric structure
100uM stigmatellin. Oxidative titrations of the FeS subunit of the bovine enzyme in close vicinity to both cht
[2Fe2S] cluster in chromatophore membranes were con-monomers and to one of the aytsubunits was replaced by
ducted potentiometrically according to DuttoP3), in the various residues (Figure 1). All of these mutations yielded

RESULTS
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E,G,{-IF,S Point mutations
AA A A Alanine scanning
] * ok kK
MNASADVKAMASIFVD R. capsulatus
MNPSADVQALASIFVD R.sphaeroides
MNPSADVQALASIQVD P.denitrificans
MSASADVLAMSKIETIK B. taurus
MSASADVLALAKIETIK Homo sapiens
MTATADVLAMAKVEVN S.cerevisiae
MSASADVLAMAKVEVD N.crassa
MSASKDVLALASLEVD S. tuberosum
43 49
" E BN EBN A7
A5 -
=Eaen -Deletlons
"N A3
. Al
R.CAPSULATUS MNASADVKAMASIFVD
66GGGG 6 Gly
PPPPPP 6 Pro

Ficure 1: VariousR. capsulatug-e—S subunit hinge region mutations. The structure of the three catalytic subunits of the chicken heart
cytbg in the presence of stigmatellid@) is represented on the left side of the panel, with the Esubunit in dark gray. On the right side,

the Fe-S subunit sequences from a few selected species aligned with tRatapsulatudetween the positions 38 and F. (capsulatus
numbering) and the positions of the different mutations are shown. Identical residues are highlighted in gray. Asterisks (*) and$quares (
refer to the point mutations and deletions, respectively, and the single amino acid substitutions are shown above the sequences. The six

proline or six glycine residues in the mutants “6Pro” or “6Gly” replace the six natural amino acid residues of the native protein between
the positions 44 and 49.

Table 2: Characteristics of the +& Subunit Hinge Mutants

assembly (%)

Ps phenotype bc; complex electron-transfer Fe-S [2Fe-2S]

strains (dt in min} activity (%) rate (%¥ subunit clustef
wild-type Ps (110) 100 100 100 100
D43E, G,H, N, S Ps(nd) 40-70 90-100 45-85 50-75
V44A, KA5A, MATA, S49A P (nd) 80-110 65-125 >100 75-100
Al Ps"(120) 30 45 65 65
A3 Ps"(125) 3 45 30 35
A5 Ps (130) 0 7 20 5
AT Ps (na) 0 0 30 15
6Prd Ps (na) 0 1 50 60
6Gl Ps~ (210p 3 10 60 60
+3AlaA3d Psf (nd 100 nd nd nd
3PraA3? Ps slow (150) 0 15 nd nd
3GlyA39 Psf (135) 0 12 nd nd

aPst or Ps indicates ability or inability, respectively, to grow photosynthetically in MPYE enriched medium, and dt is the doubling time in
minutes. The doubling time for the 6Gly mutant is probably influenced by the likely appearance of revertants in theSlaagy-statéc;
complex activity was determined by measuring the DBEWt ¢ reductase activity expressed as percentage of the wild-type activity, which was in
this instance 3.4mol of cytc reduced per min per mg of membrane protefSlectron-transfer rate reflects single turnober complex activity
and corresponds to the average of Qbélcyt c and QH to cytb electron transfer rates. These rates expressed as a percentage of that of the wild
type enzyme were not significantly different from each other. They were determined by recordmgeogtiuction kinetics at 556640 nm, and
cyt b reduction at 566570 nm in the presence of @V antimycin, at an ambient potenti&, of 100 mV. The traces were fitted to a single
exponential equation, and the results expressed as a percentage of the wild-type activities, which were approximately 300afod &@0cs
rereduction kinetics and cyt reduction, respectively. Assembly Fe-S subunit refers to the stoichiometry of the-F& subunit to cyt; or cytb
subunits as determined by scanning of the SIPBGE gels and immunoblots as described in Materials and Methods, and expressed as a percentage
of the wild-type.® Assembly [2Fe-2S] cluster refers to the relative amounts of the [2Fe-2S] cluster in the mutants in comparison to the wild-type,
as determined by the amplitude of their EBRsignal normalized for protein concentrations of chromatophore membriaFes.frequency of
reversion to Psphenotype of thé\7, 6Pro and 6Gly strains werel0°, 1076, and> 1074, respectively9 +3AlaA3, 3Pra\3, and 3GI3 mutants
correspond to a mutant with an insertion of three alanine residues at position 46 followed by a deletion of the residues initially numbered 47, 48,
and 49, a mutant containing six proline residues from positions 44 to 49 of which three have been deleted subsequently, and a mutant containing
six glycine residues from positions 44 to 49 of which three have been deleted subsequently, respectively. nd, not done; na, nonavailable.

mutants that grew photosynthetically (fsand contained  mutations shortening it by one, three, five, and seven amino
highly activebc; complexes, with quasinormal steady-state acid residues centered around position A&,(A3, A5, and
and single turnover activities (Table 2). Therefore, none of A7 mutants, respectively) (Figure 1). Surprisingly, of these
the amino acid residues located between the positions 43deletions only the\7 mutation that removed the entire hinge
and 49 was essential for the function Rf capsulatus hc region from position 43 and 49 was unable to support Ps
complex. growth of R. capsulatusThe A1 mutant which eliminated
Fe—S Subunit Mutants with a Shorter Hinge Region position 46,A3 which eliminated positions 446—47, and
Further insight into the structure and function of the hinge A5 which eliminated positions 4445—46—47—48 were all
region of the Fe-S subunit was obtained by the analysis of Ps" (doubling times of 126130 min on MPYE medium



Role of the Fe-S Subunit Hinge in thédc; Complex Biochemistry, Vol. 39, No. 50, 2005479

Wild
A t I Al A3 A5 A7 6Pro 6Gly
t b, ype B 9x in presence
e g — o Suld SEPA. of Stigmatellin
Yo G - - o, - o Wild-type
Fe-S

T ESam e

=

(=

=

=
T
1

[}

=
T
1

60

Stoichiometry of the Fe-8 subunit (%)

Wild A1 A3 A5 A7 6Pro 6Gly

FiGure 2: Steady-state assembly of the, complex in various
Fe—S subunit hinge region mutants. A 15% SB%lyacrylamide
gel was blotted onto a PVDF membrane, and immunoprobed using
monoclonal antibodies against the dytcyt c;, and the FeS
subunits in chromatophore membranes (panel A). The bar diagram
(panel B) represents the average stoichiometry of theS=subunit
in the bc; complex, estimated after scanning of several SDS
polyacryamide gels and immunoblots similar to that shown in panel
A. For each mutant, the ratio of the #8 subunit to cyb (or cyt
¢1) subunit was determined, and normalized to the equivalent ratio
obtained on the same gel or same immunoblot for the wild-type
enzyme, and the standard deviations are also indicated. In all cases
lane 1 or bar 1 represents the wild-type, lanes 2, 3, 4, and 5
correspond to thé\1, A3, A5, andA7 deletion mutants, respec-
tively, and lanes 6 and 7 to the 6Pro and 6Gly mutants, respectively.
Note the large effect on the F& subunit migration of just a few
amino acids deletion or the 6Pro or 6Gly substitutions. [P EFEPEPEFE B -
3400 3500 3600 3700 3800 3900 4000 4100
versus 110 min for a wild-type strain) (Table 2). Detailed Gauss

characterization of these mutants revealed that their  Fgyre 3: EPR spectra of the [2Fe2S] cluster in the presence or

complex single-turnover activities were partially, and their absence of stigmatellin in various £8 subunit hinge mutants.

steady-state activities were drastically, affected (Table 2). The EPR spectra of the wild-type and the different mutants were
To investigate whether in the deletion mutants the decreasePbtained using chromatophore membranes after ascorbate reduction

o of the cluster and with the EPR spectroscopy conditions described
or absence obc; complex steady-state activity was due to in the Materials and Methods. The darker and lighter traces represent

a perturbed assembly or stability of the enzyme complex, the spectra obtained without inhibitor and in the presence of
the amounts of its subunits and cofactors were analyzed. Thestigmatellin, respectively. Vertical lines indicate the wild-tyge
levels of the three subunits were determined by SBPAGE values, which are to be compared with those observed with the
and immunoblot analyses (Figure 2, Table 2). The amounts mutant strainsx 2, x10, andx4 indicate the scaling factor used

. to plot the spectra for thA3, A5, andA7 mutants, respectively,
of theb- andc-type hemes in t.he Chrc_)matophore mem.brgnefs compared to the scale used for the wild-type strain and the 6Pro,
were measured spectroscopically via ascorbate or dithionitegGly andA1 mutants.
reduced minus ferricyanide oxidized optical difference
spectra (data not shown), and by estimating the amounts offirmed the substoichiometric amounts of the+f&subunits
the [2Fe-2S] cluster by EPR spectroscopy (Figure 3, Table in the mutants (not shownThus, the data established that
2). The data indicated that in chromatophore membranes ofshortening the length of the hinge region of the-Besubunit
the mutants the amounts of tbeandc-type hemes and cyt  affected the stoichiometry of this subunit in the complex
b and cytc subunits per amount of total proteins were without abolishing completely the enzymatic activity.
comparable to those found in a wild-type strain. On the other  Next, the integrity of the @site in the mutants with a
hand, the amount of the F& subunit was decreased to vary- shorter hinge region was probed by using EPR spectroscopy
ing degrees in all mutants (Figure 2, panels A and B). Es- For all deletion mutants, with the exception &7 mutant,
pecially in theA5 mutant, the amounts of the protein and the shape of the EPR spectra with Q pool oxidized in the
the [2Fe2S] cluster were less than 20% of that found in a presence or absence of stigmatellin was identical to that seen
wild-type strain (Table 2). Moreover, preparations using in- with a wild-type strain (Figure 3). In agreement with the
tact cells, instead of chromatophore membranes, further con-substoichiometric amounts of the +8 subunits, the am-
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Ficure 4: Potentiometric dark titrations of the [2Fe2S] cluster of the-Eesubunit in various hinge mutants. Thg; values of the
[2Fe2S] cluster of the FeS subunit of the wild-type (panel AA1 (panel B), 6Pro (panel C), and 6Gly (panel D) mutants were determined
by recording the amplitude of the ERJg signal between 100 and 500 mV, as described in the Materials and Methods. In each case, the
amplitudes observed at givédfy values were normalized and fitted tana= 1 Nernst equation to deduce the indicatgg values.

plitudes of theg, and g« EPR signals per amount of total other P$ mutants, like for example thA5 mutant. Con-
proteins were much smaller in the mutants (Figure 3, Table sidering that such amounts of assemble complexes

2). In the case of theA7 mutant, no readily detectable would have been otherwise sufficient to support Ps growth,
interaction with the Qsite residents Q/Qkbr the inhibitor the interactions between the [2Fe2S] cluster and theit®
stigmatellin could be seen by EPR spectroscopy, indicating residents were probed by EPR spectroscopy. No major
a major perturbation of the Qsite in addition to the  differences in the EPR spectra of the 6Pro and 6Gly mutants
substoichiometry of the FeS subunit The effects of the  were observed either with the £ oxidized, or in the

A1l or A3 mutations on the properties of the [2Fe2S] cluster presence of stigmatellin, in comparison to wild-type spectra
of the Fe-S subunit were further investigated by determi- (Figure 3). However, determination of tli®, values of the
nation of their En; values. While theE; value for the [2Fe2S] cluster in the 6Pro and 6Gly mutants revealed that
[2Fe2S] cluster is around 36320 mV in chromatophore  they were as high as 460 and 420 mV, respectively (Figure
membranes oR. capsulatug25), this value was increased 4, panels C and D). These values are similar toBhealue

to approximately 355 mV in the deletion mutartd and seen with a wild-typdc, complex inhibited with stigmatellin.
A3 (Figure 4, panel B, and not shown). Thus, a change in The Fe-S Subunit of the 6Pro Mutant Is Locked in the
the structure of the hinge region must have modified the Q, Pocket in a Location Similar to That Seen in the Presence
environment of the [2Fe2S] cluster at the Rocket and of Stigmatellin.The highE, value for the [2Fe2S] cluster

increased it&n7 value. Due to the low amounts of the+8 of the Fe-S subunit of the 6Pro mutant led us to monitor
subunits present in th&5 andA7 mutants, theiEny values light-induced cytc reduction kinetics to dissect the altered
were not determined. step(s) of @ site electron-transfer reactions (Figure 5). It is

Fe—S Subunit Mutants Changing the Flexibility of the known that the extent of cyt that remains oxidized upon
Hinge RegionGiven that an appropriate length of the hinge flash activation of chromatophore membranes containing a
region of the Fe-S subunit is important for its proper wild-typebc, complex is correlated to the extent of electron
assembly to théc, complex, we then attempted to modify transfer from the FeS subunit to cyt; (26—28). This extent
its structural properties. Different mutants were engineered depends on the presence of differents@e inhibitors, with
to change the flexibility of the hinge region by replacing its its amount being smaller in the presence of myxothiazol,
six amino acid residues located between the positions 44 andand larger in the presence of stigmatell26(28), which
49 with six glycine or six proline residues (Figure. Of locks the extrinsic domain of the F& subunit at the @
the strains thus obtained, the 6Pro mutant was \®isile site (LO) (Figure 5, panel A). Moreover, we have very recent-
the 6Gly mutant grew poorly under Ps growth conditions. ly demonstrated that electron-transfer kinetics from the ini-
In addition, both mutants reverted with unusually high tially reduced [2Fe2S] cluster of the £& subunit to cyt,

frequencies on MPYE enriched media (8¢tand >107%, heme also reflect the movement of the extrinsic domain of
respectively) (Table 2). In both mutants the—F=® subunit the Fe-S subunit from the @site to cytc; heme (see ref
was substoichiometric in comparison with a wild-type 15, for a detailed discussion). Thus, a comparison of the ex-
complex as revealed by SBAGE and immunoblot tent of cytc that remains oxidized upon flash activation of
analyses (Figure 2). Nevertheless, they contalbmgdom- chromatophore membranes in selected mutants in the pres-

plexes in amounts higher than what was present in someence of myxothiazol or stigmatellin was undertaken. The trac-
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Ficure 5: Cytochromec rereduction kinetics in the presence of myxothiazol or stigmatellin in variousSFeubunit hinge mutants.
Cytochromec rereduction kinetics triggered by flash-activation of the photochemical reaction center were recorded using chromatophore
membranes as described in the Materials and Methods. In each case, the traces obtained with no inhibitor (no), or in the presence of
myxothiazol (Myx) where no ubihydroquinone oxidation takes place at thei®, or in the presence of stigmatellin (Stig) where no
electron is transferred from the £& subunit to cyt; heme are shown. Panel A corresponds to the wild-type strain, panel B tdlthe

mutant, panel C to the 6Pro mutant, and panel D to therBgertant 3Prd3 of the 6Pro mutant.

es obtained in the presence of inhibitors with ke mutant that observed with a wild-typbc, complex in the presence
were similar to those seen with a wild-type strain (Figure 5, of stigmatellin.

panels A and B). However, traces obtained with the 6Pro  Ps" Revertants of the 6Pro and 6Gly Mutants of R.
mutant revealed that the amount of cyhat stayed oxidized  capsulatusThe unusual high frequency of reversion ta Ps
did not change in the presence of myxothiazol or stigmatellin phenotype of the 6Pro and 6Gly mutants was exploited to
and remained identical to that seen in the absence of inhibitorfurther investigate the structure and function of the hinge
(Figure 5, panel C). The 6Pro mutant behaved in the absenceegion of the Fe-S subunitPs" revertants were selected on

of inhibitor, or in the presence of myxothiazol, as if it had MPYE enriched media, and three such isolates were retained
already been exposed to stigmatellin, and hence unable tan each case. Determination of the DNA sequence of the re-

transfer electrons from the [2Fe2S] cluster to cyin the gion encoding the FeS subunit hinge region in these re-
time scale of the measurements (100 ms). Stigmatellin is vertants, named 3PASB or 3GlyA3, revealed that this region
known to lock the extrinsic domain of the £& subunit, now encoded only three proline or three glycine residues,

and by doing so stops electron transfer from the [2Fe2S] with deletion of the other three proline or glycine residues
cluster to cytc; heme (0, 15). Therefore, these findings (Table 1) The 3PrdA3 and 3GM3 revertants therefore
strongly suggested that in the 6Pro mutant the Esubunit contained shorter hinge regions, containing PPP and GGG
extrinsic domain was locked in a stigmatellin-like position residues substituting for the native VKAMAS sequence,
on the cytb subunit, even in the absence of this inhibitor respectively. Their studies indicated that while the 3&3y
(20). mutant grew like a wild-type strain under Ps growth con-
That the extrinsic domain of the F& subunit of the 6Pro  ditions, the 3Pra3 mutant exhibited a slower growth rate,
mutant was locked in a stigmatellin-like position was further and both mutants contained lower amountdaf complex
confirmed by using a conformation-sensitive protease assayactivities in their chromatophore membranes (Table 2). An-
(20). We have found that treatment of wild-type chromato- alysis of the 3PrA3 revertant using light-activated kinetic
phore membranes with the proteolytic enzyme thermolysin spectroscopy in the presence of myxothiazol or stigmatellin
(or a proteolytic activity that is naturally presenti cap- further revealed that in this mutant electron-transfer ability
sulatug releases an approximately 18 kDa truncated form from the reduced [2Fe2S] cluster of the-F& subunit to
of the Fe-S subunit, which lacks its first 46 first amino acid cyt ¢; heme was restored (Figure 5, panel D). However, the
residues. This cleavage is sensitive to the conformation of rate of electron transfer was slower than that seen in a wild-
the Fe-S subunit hinge region and is inhibited by stigma- type strain, in agreement with its poor Ps growth phenotype.
tellin (20). Upon testing for conformation-sensitive protease Moreover, the slower rate of cgtreduction observed in the
assay, the FeS subunit of the 6Pro mutant exhibited a sim- presence of myxothiazol indicated that the extrinsic domain
ilar cleavage pattern both in the presence and absence obf its Fe—S subunit was not as mobile as that of a native
stigmatellin, and both in response to thermolysin, or to the bg complex. Importantly, the overall data demonstrated that
endogenous protease activity (not shown). Considering thata hinge region three residues shorter than its natural length
this mutant responds properly to stigmatellin as indicated and containing three consecutive proline residues could
by EPR spectroscopy (Figure 3), the data further confirmed support Q site function of thebc, complex and Ps growth
that its Fe-S subunit was locked in a position similar to of R. capsulats.
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DISCUSSION turnover assays, which employ detergent-dispersed mem-
branes, were used instead of light activated single turnover
assays with intact chromatophores (Table 2). This may be
due to a weaker association of the mutant-Besubunits

In this study, a detailed investigation of the role played
by the flexible hinge region of the Fe& subunit (corre-

sponding to amino acid residues-449 inR. capsulatusin with the bc; complex in the presence of dodecyl maltoside
the function of thebc, complex was undertaken using various ,qeq i the assay. Another possibility is that in the shorter

mutations modifying its sequence, length and flexibility. The hinge mutants the FeS subunits may be more prone to

_results describ_ed here, in conjunction with the dgta available proteolytic cleavage by the detergent activated endogenous
in other organ_|smsl(3, 14, 1(.3’ 17, now better define Some proteolytic activity present in the chromatophore membranes
of the properties of .the flexible region of theFS.subunllt _ of R. capsulatug20, 30). Such a cleavage would yield a
that serves as a hinge for the movement of its extrinsic g ncated form of the FeS subunit that could not assemble
domain. o ] ) to the bc; complex and hence lead to nonfunctional sub-
Our data highlighted several important points on the complexes 22, 31). Shortening of the hinge region of the
structure and function of the hinge region of thef®2  Fe-3 subunit may also induce additional constraints on its
subu_nlt of thebc_l _Complex. First, various point mutations hydrophobic anchor domain, perhaps displacing it out of the
obtained at positions 43, 44, 45, 47, and 49 of the e  memprane and rendering the mutdi; complexes less
subunit indicated that no specific amino acid side chain at gtapje It is noteworthy that in the dimeric crystallographic
any one of these sites was absolutely required for a functionalgtrctures of théoc, complex @—11), the anchor domain of
bc, complex. This conclusion was further suppo_rted by the the Fe-S subunit interacts mainly with a cyd subunit
Ps" revertantt 3AlaA3 of the Ps +3Ala mutant (discussed  pejonging to one monomer, while its extrinsic domain does
in ref 15) which carries an insertion of three Ala residues at gq with the cyt subunit of the other monomeFhe purified
position 46 followed by a deletion of the following three ¢ complex fromR. capsulatusorms mainly a dimer (over
residues (Table 1). Such a mutant is identical to a double 75%, unpublished results), but it is unknown whether both
substitution M47A plus S49A and illustrates that multiple  the monomeric and dimeric forms of the bacterial enzyme
positions between the amino acid residues-43 of the are functional Thus, whether the hinge region of the-F®
Fe—S subunit can be readily substituted by alanine residuessypunit is implicated in the stabilization of the dimeric form
without loss of function. Nonetheless, some of the positions of the hg, complex remains to be seen.

in this region, such as D43 and V429, may be more The most interesting data were obtained with mutants that
critical for @ site stability and function than others, as also jncreased the rigidity or the flexibility of the hinge region
seen with the A86L and A92R mutants in yeast (correspond- o the Fe-S subunit of thebc, complex. Mutants which
ing to A42L and A48R inR. capsulatusnumbering, replaced six of the native amino acid residues by six proline
respectively) {6). or six glycine residues altered more severely the function,
Second, the Psdeletion mutanté1, A3, andA5 indicated rather than the stability or assembly, of the, complex.
that the hinge region can be shortened by at least five aminoThe b, complex of the 6Gly mutant was unable to sustain
acid residues and still yield a functionslc, complex.  a vigorous Ps growth and that of the 6Pro mutant was
Considering that théc, complex is overexpressed in our completely inactive. Low single turnover, and no DBH
mutants, it is not unexpected that even &femutant which  dependent multiple turnover, activities could be detected in
contains only about 0.2 Fe-S sububd/ complex (Figure  these mutants, albeit the presence of properly asserbbjed
2) can still produce enough active enzymes in vivo to support complexes with intact Qsites, as reflected by EPR spec-

a wild type-like Ps growth (Table 2Further, the 3GMA3  roscopy. Further, the increas& values of their [2Fe2S]
revertant, which is equivalent to ti€8 mutant, with its VAS  ¢Justers indicated that the extrinsic domain of theirBe

residues substituted with GGG (Table 1), also confirmed the subunit was located in a position close to that seen in the
relatively innocuous effect of deleting or substituting several presence of stigmatellin. Unfortunately, the extremely high
amino acid residues within the hinge region. These findings frequency of reversion of the 6Gly mutant, possibly triggered
sharply contrast the effects observed with the insertion py its long stretches of GGC repeats (Table 1), was
mutations, which are absolutely deleterious to the function prohibitive to its extensive analysis. It is noteworthy to
of thebc, complex by restraining severely the movement of mention that the hinge region of the 8 subunits otf
the extrinsic domain of the FeS subunit 15). complexes also contains six glycine residuss I the case
Tian et al. (3) have constructed iR. sphaeroidea hinge of C. reinhardtii chloroplast Fe-S subunit, these glycine
mutant lacking three amino acid residues corresponding toresidues can be replaced by alanines without altering the
the A42-D43-V44 inR. capsulatusUnlike theR. capsulatus  function, of thebsf complex (L7). This observation suggests
A3 mutant, thisR. sphaeroidesnutant contained in chro-  that the hinge region of chloroplast enzymes may be naturally
matophore membranes a properly assembled but poorlymore flexible than that of their bacterial or mitochondrial
functionalbc, complex. The EPR signature of its [2Fe2S] counterparts.
cluster was modified with nagy signal, indicating that the In the case of the 6Pro mutant, aytreduction kinetics
position of the Fe-S subunit extrinsic domain within the  obtained in the presence of myxothiazol or stigmatellin
Qo pocket was changed. The differences seen between thesghdicated that electron transfer between the [2Fe2S] cluster
apparently similar mutants may be due to the slightly and hemes; was abolished. This lack of function could be
different locations of the deletions in the corresponding hinge mediated either by the inability of the & subunit to move
regions. away from its Q to its cytc, positions or by its improper
The effects of the deletions on the; complex activity docking onto cyt;, as analyzed very recently with mutants
were seen more readily when DBidependent steady-state containing alanine insertions in their hinge regiohS)(The
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higher E,, value of the [2Fe2S] cluster, and the protease

mediated cleavage pattern of the-F& subunit strongly

support the possibility that in the 6Pro mutant the [2Fe2S]

cluster domain is locked in the ,Qoocket. During the

thermolysin assays, we have noticed that higher amounts of
intermediate size (between 24 and 18 kDa) of truncated forms
of the Fe-S subunit were produced with the 6Pro mutant

both in the presence or absence of stigmatellin. This

suggested that the hinge region of theSesubunit of this

mutant was cleaved with thermolysin somewhat differently

than that of the wild-typebc; complex. Interestingly, the
ability of the 6Pro mutant to yield a Psrevertant like

3PraA3, in which the sequence VKAMAS is substituted by
PPP (Table 1), indicates that the rigidity conferred by the
proline substitutions becomes tolerable if the hinge region

is shortened.
Tian et al. (.3) have shown that iR. sphaeroidesa three

proline and two proline substitutions at positions correspond-

ing to 42-44 and 46 and 48 ifR. capsulatusiumbering,
yielded a non functional mutant with an unstalbe;

complex, and a poorly functional mutant producing an
enzyme with increased activation energy, respectively. The
results obtained with the 3PA@ mutant suggest that this
higher activation energy could be attributed to the movement
of the Fe-S subunit which would have become the rate-

limiting step of the Q site reaction in théR. sphaeroides
mutant. Our hinge mutants suggest that the lack o&i@

catalysis is caused not only by the rigidity of the hinge region
per se but also by the hindrance of the movement of the
extrinsic domain of the FeS subunit due to its increased

probability to bump onto theef loop of cyt b. Hence
shortening the hinge region, as in the 3RBorevertant,
attenuates this physical hindrance and yields arRstant,
whereas th&. sphaeroide8Pro mutant of Tian et al., which
contains a native length hinge produces a nonfunctiboal
complex and is Ps(13).

In summary, molecular genetic and biochemical-biophysi-

cal studies presented here usiRy capsulatusmutants
affecting the hinge region of the F& subunit, and their

revertants, revealed several important properties of this
region. A shorter hinge region affects more strongly the

assembly and stability of the F& subunit than the activity

of the bc; complex. Moreover, the amino acid sequence of
the hinge region is less critical than its optimal length and

flexibility in respect to Q site catalysis, and multiple

combinations of amino acid compositions and lengths are
readily functional, illustrating its structural flexibility. Future

studies uncovering distant suppressors of the Feubunit

hinge mutants should allow a better definition of the different

domains involved in controlling the movement of &

subunit that orchestrates the bifurcated electron-transfer

reactions at the gsite.
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